Introduction
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promotion and maintenance of healthy microbiota is still an often-overlooked concept in conservation biology.
Identifying what may be considered a 'healthy microbiome' in non-model organisms is a great challenge in microbial ecology. By understanding the composition of a particular species' 'healthy microbiome', dysbiosis can be quickly diagnosed and appropriate action taken to reestablish a healthy microbiota in its host (Cho and Blaser 2012; Kong et al. 2012) . Identifying the core microbiome, however, can be a challenge, due to the large diversity of gut microbes within an individual. Additionally, the countless interactions within this microbial community make understanding the function of each microbe elusive. Our understanding of microbiomes in non-model organisms is particularly hampered by a dearth of samples (rare species) or a low-priority research effort. Microbes that are more likely to have important functional roles can be identified in a population by determining the 'core microbiota' (Shade and Handelsman 2012) . A core microbiota lists the shared microbes present in the majority of healthy replicate samples (Turnbaugh et al. 2007 ). This may be consistent throughout a species or it may subdivide into several clusters/enterotypes (Hamady and Knight 2009) .
Insect microbiota tend to be dominated by two bacterial phyla, Proteobacteria and Firmicutes, but there is no insectwide core microbiota, as variation exists between and often within insect groups (Colman et al. 2012; Yun et al. 2014) . Variation in bacterial communities across insect hosts may be driven by a variety of factors including host phylogeny, geography, and diet. Across the world there are approximately 17,000 named species of bees that exhibit a variety of diets and either social or solitary lifestyles (Michener 2007) . The honey bee (Apis mellifera) is considered the de facto model bee species, with bumble bee (Bombus) species also frequently used as a model in bee research (Woodard et al. 2015) . Both Apis and Bombus are corbiculate bees, which account for only 5% of all bee species (Gallai et al. 2009; Martins et al. 2014) , but due to their model status and commercial importance have the best studied microbiome of bees. The honey bee, A. mellifera, has a core set of bacterial species that are present in all workers (Martinson et al. 2011) . These core bacterial species are similar but distinct from that of bumble bees (Martinson et al. 2011; Koch and Schmid-Hempel 2011a) . The split between honey bee and bumble bee lineages occurred around 90 Mya (Cardinal et al. 2010) . Within the Bombus genus, most speciation events occurred in the last 10 My and subtle yet consistent microbiota differences can be detected between bumble bee species within Central Europe (Koch and Schmid-Hempel 2011a) . Unlike the consistent, core microbial community found in healthy honey bees, bumble bees exhibit two enterotypes, one dominated by the core bacteria and a second dominated by possible pathogens (Li et al. 2015) .
The same core bacteria found in these model bees appear to be absent in non-corbiculate bees (Martinson et al. 2011; Koch et al. 2013) . The stability and hostspecificity of such an highly derived 'core' microbiota in bumble bees and honey bees is believed to be, in part, due to social transmission (Koch et al. 2013; Powell et al. 2014) . Solitary and primitively social bees besides the bumble bees, on the other hand, appear to rely more on horizontal transmission of microbes from the environment (McFrederick et al. 2012 (McFrederick et al. , 2014 . Environmental transmission is likely to occur at shared flowers where a diversity of microbes including bacteria, protists, fungi and yeasts can transmit during pollen and nectar foraging (Brysch-Herzberg 2004; McFrederick et al. 2014 Graystock et al. 2015; McFrederick and Rehan 2016) . Reliance on environmental transmission does not preclude healthy solitary bees from having a core microbial community however, though it may make the acquisition more sporadic. Here, we seek to identify candidate microbial taxa that may be beneficial to bees by looking for core bacteria. We identify the core microbiota of Ceratina calcarata, a solitary non-corbiculate bee that is a close relative of A. mellifera. Secondly, we determine if a relationship exists between core microbes in adult bee guts and those found in pollen provisions, the food on which larvae are reared. Finally, to place our results in context, we conduct the same analyses using publicly available data from another apid bee, A. mellifera, and their corbicular pollen (Corby-Harris et al. 2014a) , plus the facultatively eusocial halictid bees, Megalopta spp. and their pollen provisions (McFrederick et al. 2014 ).
Methods
To analyze microbiome composition across adult bees and their associated pollen samples, we analyzed 96 previously published pollen provision samples from C. calcarata (McFrederick and Rehan 2016) along with the 16 adult samples collected for this study. Ceratina calcarata is a subsocial member of the Apidae (Rehan and Richards 2010) , and we collected new samples for this study at the same site (Durham, New Hampshire) and date (July 2014) as in McFrederick and Rehan (2016) .
To look for similar associations in other bee-pollen samples we analyzed complete datasets of Apis bees and their corbicular pollen, plus Megalopta bees and their pollen provisions from previously published work (Corby-Harris et al. 2014a; McFrederick et al. 2014) . Details for sample collection are included in the pertinent publications. Details regarding sample identity, collection date and site, and sample type are included in supplementary table 1.
Molecular methods
We extracted DNA of samples and control blanks by following the protocol in the DNeasy Blood and tissue kit (Qiagen, Valencia, CA), but with the addition of thorough tissue lysing with steel and glass beads to ensure extraction of recalcitrant gram positive bacteria (Engel et al. 2013) . Briefly, samples were lysed in 180 μl of ATL buffer for 3 min at 30hz before being incubated with 20 μl of Proteinase K at 57 °C overnight. The standard Qiagen protocol was thereafter employed. We sequenced DNA using the Illumina MiSeq platform with bacterial 16S primers 799F-1115R for all C. calcarata samples. Our control blanks did not visibly amplify during library prep PCR and whilst this does not preclude errant DNA, it does suggest there was not a significant level of contamination and the control blanks were subsequently not sequenced; however, doing so would enhance the identification of low-read contaminants.
Bioinformatics
We used MacQIIME 1.9.1 (Caporaso et al. 2010b) to run initial quality controls and for demultiplexing fastq files. We then used Sumaclust for OTU clustering at 97% sequence identify and vSearch for chimera checking (Mercier et al. 2013; Rognes et al. 2016) . We used the Ribosomal Database Project (RDP) Naïve Bayesian Classifier in QIIME to assign taxonomy to OTUs (Wang et al. 2007 ). We also ran additional BLAST searches using the 16S microbial database from NCBI (accessed 28 October, 2016). We then compared RDP results against the top BLAST hit. Any discrepancies were then resolved based on RDP confidence and BLAST percentage identity. At the same time any nonbacterial hits and contaminants such as the intercellular bacteria Wolbachia and Sodalis were removed from the dataset. Raw Ceratina adult data are available on the NCBI Sequence database and have been assigned accession numbers SAMN06141735 to SAMN06141750.
To analyze C. calcarata pollen and adult samples, we aligned the quality-filtered dataset using the PyNAST aligner and the greengenes database (DeSantis et al. 2006; Caporaso et al. 2010a ). Next, we filtered the resulting sequence alignment and checked the results manually using Mesquite v.3.04 (Mesquite Project Team 2014). We reconstructed the phylogeny of the bacterial OTUs using FastTree (Price et al. 2009 ). To determine subsampling depth for subsequent analyses, we plotted rarefaction curves. Based on the saturation point of these curves, we determined that any samples with fewer than 668 reads should be removed. In addition to our Ceratina dataset, we also used previously published data on Megalopta gut microbes and their pollen provisions, plus Apis gut (crop and full gut) samples and their corbicular pollen (Corby-Harris et al. 2014a; McFrederick et al. 2014) . For all three OTU tables, OTUs were binned by genus and the core microbial genera were identified using a QIIME script, whereby microbial taxa must be present in over 50% of samples and have an average relative abundance > 1% within the sample type. To identify if any clustering/enterotypes were present within each dataset, we employed the same method as both Arumugam et al. (2011) and Li et al. (2015) . Briefly, from the summarized OTU table, a Jensen-Shannon distance matrix was generated and optimal cluster number was evaluated via Calinski-Harabasz (CH) index with validation of cluster strength by the silhouette method (Caliński and Harabasz 1974; Rousseeuw 1987) . Using this cluster k number, the Jensen-Shannon distance matrix was used to generate the clusters with the Partitioning Around Mediod (PAM) method (Reynolds et al. 2006) . Enterotypes/clusters were visualized in a principal coordinate analysis (PCoA) plot. When the clusters contained three or more samples, we compared the relative abundance of core bacterial taxa between clusters using a Mann-Whitney U test, or if there were more than two clusters, Kruskal-Wallis tests. Finally, p-values were adjusted using the Benjamini-Hochberg FDR method to account for potential false discovery (Benjamini and Hochberg 1995).
Results
After filtering, the Ceratina dataset contained 15 females and 94 pollen samples, the Megalopta dataset contained 20 females and 23 pollen samples, and the Apis dataset contained 41 bee and 13 pollen samples.
Core bee microbiota
Overall thirteen microbe taxa were described as core bacteria-present in female Ceratina samples (Fig. 1 ). Two were identified in Megalopta and four in Apis (Fig. 2) . Only one of these taxa (Lactobacillus) was identified as a core microbial group in all three of the bee genera.
Core pollen microbes
Overall 19 taxa were described as core bacteria in the Ceratina pollen samples (Fig. 1) . Megalopta pollen and Apis corbicular pollen contained 3 and 17 core microbial groups respectively (Fig. 2) . In addition to being core to all bees, Lactobacillus was also a core pollen microbial group found in the 3 pollen data sets. In both of the solitary bee datasets, Lactobacillus was relatively more abundant in the pollen, whereas in honey bees, it was most abundant in the bee gut (Figs. 1, 2) .
Associations between adult Ceratina and pollen provisions
The microbial communities present in Ceratina females and their pollen provisions form three distinct clusters with a silhouette value of 0.08, suggesting overlap (Fig. 3, S1 ). Ceratina enterotype 1 contains most (66.6%) of the females and 42.5% of pollen samples. Ceratina enterotype 2 is a mixed group, representing only a small percentage of both female and pollen samples (6.6% and 15% respectively). Ceratina enterotype 3 is also a mixed cluster, containing the remaining 26.6% females and 42.5% of the pollen samples. All Ceratina female core and pollen core microbes were tested for relative abundance differences per enterotype. The relative abundance of four microbial taxa (Methylobacterium, Sphingomonas, Lactobacillus, and Acinetobacter) that are core groups to both bees and pollen differed significantly between Ceratina enterotypes 1-3 (KW = 14, d.f. = 2, p < 0.001; KW = 20, d.f. = 2, p < 0.001; KW = 65, d.f. = 2, p < 0.001; KW = 38, d.f. = 2, p < 0.001 respectively. Fig. 4 ; Table S1 ). In addition, the relative abundance of 1 core pollen microbe (Methylocystaceae) also differed significantly between the three enterotypes (KW = 15 d.f. = 2, p = 0.005; Table S1 ; Fig. 4 ). The remaining 21 microbial groups that had been identified as core microbes within Ceratina females and/or their pollen provisions did not differ between the enterotypes. Overall Ceratina enterotype 1 is characterized by relatively high Sphingomonas, Methylocystaceae, and Methylobacterium; Ceratina enterotype 2 has relatively high Acinetobacter; Ceratina enterotype 3 has relatively high Lactobacillus. The various Ceratina enterotypes were not specific to pollen provisions from different nests, but did tend to be in particular areas within nests (χ 2 = 30.9, d.f. 22, p = 0.09; KW = 10.5, d.f. = 2, p = 0.005 respectively; Fig. 5) . By comparing the position of pollen provision within the nest, we can determine its relative age within a nest (Fig. 5a ). Generally pollen provisions with a microbial community profile of Ceratina enterotype 1 were found in the freshest provisions (median cell position 4th), the oldest provisions were dominated by Ceratina enterotype 2 (median cell position 9.5), whilst provisions displaying a Ceratina enterotype 3 community had an intermediate cell position (median 6th) within the nest (Fig. 5b) . It should however be noted that most nests had 7 or fewer cells, therefore trends in the older cells may be biased by few nest replicates (Fig. 5c) . Associations between adult Megalopta and pollen provisions: although there are differences in the relative abundance of 3 core microbial groups, the microbial communities present in Megalopta females and their pollen provisions do not form distinctive enterotypes (sample n = 43, K = 39, Silhouette = 0.03; Fig. S2 ). As this K value is close to the sample number, we force the communities to assign within a K of 20 to see if any discreet clusters can be discerned. With 20 imposed Megalopta clusters, a silhouette value of 0.13 suggests overlap or (as in this case) low representation of each cluster (Figs. S3, S4 ). The microbial communities in 20 female Megalopta, split into 18 of the 20 different clusters. The 23 pollen samples group into five of the 20 clusters (three of these clusters also include a similar bee microbiome), with 70% of the pollen all in Megalopta cluster 7, suggesting pollen provisions tend to have a more similar microbial community than those of the Megalopta females (Fig. 6) . Overall, Lactobacillus is core to both bees and pollen and is dominant throughout most of the samples. Lactobacillaceae_Other has a low dominance in pollen whilst Saccharibacter, despite being core to both pollen and females, is more abundant in females. Only two of the clusters (7 and 5) contained more than three samples and so Mann-Whitney U tests on core microbes were only run between these two clusters. The abundance of Saccharibacter was significantly higher in cluster 5 than cluster 7 (U = 0, p < 0.001). The abundances of Lactobacillaceae Lactobacillus and Lactobacillaceae_Other were similar between Cluster 5 and 7 (U = 61.5, p = 0.23; U = 30, p = 0.29; Fig. 6 ; Table S2 ).
Associations between adult Apis bees and their corbicular pollen: the microbial communities present in Apis females and their corbicular pollen form two distinct clusters with a silhouette value of 0.37, suggesting minimal overlap between clusters (Fig. 7, S5) . The sample composition in Apis cluster 1 comprises 90% of the female Apis samples along with 8% of the corbicular pollen samples and is therefore deemed to be a bee dominant cluster. The remaining 10% of bee samples group with 92% of the pollen samples in Apis cluster 2 (pollen dominant cluster). The Apis bee samples are a split of crop (foregut) extractions and gut samples-all gut samples are in Cluster 1 along with 71% of the crop samples. The bee samples present in Cluster 2 (pollen dominant cluster) are all crop samples. Each of the eighteen core microbial taxa (17 core pollen, 4 core bee including 3 that are core to both) have significantly different abundances in each cluster (Fig. 8, Table S3 ).
Discussion
The wild bees Ceratina and Megalopta both have core microbiota that are distinct from each other, and from model corbiculate bees such as Apis and Bombus. These core microbes may have the potential to play a role in the health of these wild bees. Certain microbial genera, however, are shared across host genera. For example, Lactobacillus was identified as core bacteria in Ceratina, Megalopta and Apis bees and was pervasive in pollen as well. In total Ceratina bees have thirteen core bacterial groups, three of which (Lactobacillus, Snodgrassella and Cluster 1 contains most (66.6%) of the females and 42.5% of pollen samples. Cluster 2 is a mixed group, representing only a small percentage of both female and pollen samples (6.6 and 15% respectively). Cluster 3 is a mixed cluster, containing the remaining 26.6% of female and 42.5% of pollen samples. Significant differences (FDR corrected Kruskal-Wallis) in microbial abundances between the three community clusters are shown Gilliamella) have previously been described as core bacteria in Apis bees. Two of these, Gilliamella and Snodgrassella, have been found to reduced infectivity of the common trypanosome parasite Crithidia bombi in bumble bees (Koch and Schmid-Hempel 2011b) . Ceratina calcarata bees ingest pollen before regurgitating it as pollen provisions (Michener 2007) , so it is unsurprising that six of the adult Ceratina core microbial groups (Lactobacillus, Acinetobacter, Sphingomonas, Methylobacterium, Massilia and Stenotrophomonas) were also found to be core microbes of the pollen provisions. Despite overlap, three distinct enterotypes are identifiable in the female and pollen samples.
Most of the Ceratina female samples and fresh pollen provisions display a Ceratina enterotype 1 community. This result is not surprising as it is expected that at the point of regurgitation, the female Ceratina bees' gut and the pollen provision would have a similar composition. As a different environment type, the static, high sugar environment of a pollen provision may promote the growth of different microbes than those that flourish inside the bee gut. We find some evidence of that here, with Ceratina enterotype 1 being largely found in adults and in freshly deposited pollen provisions. Older pollen provisions are then dominated by Ceratina enterotype 3 (which is characterized by high Lactobacillus), whereas the oldest pollen provisions tend to exhibit Ceratina enterotype 2 (dominated by Acinetobacter). Alternatively, or in addition to the microbial community in pollen provisions being driven by time spent in this static, brood cell environment, the differences may reflect a different cocktail of microbes being environmentally transmitted on different provisioning/foraging days. Ceratina pollen provisions had an additional 13 different core microbial groups, many of which have known associations with plants such as Erwinia and Beijerinckia (Starr and Chatterjee 1972; Becking 2006) .
Megalopta bees have a core microbiome of two microbial groups, Lactobaccillus and Saccharibacter. Community clustering is not immediately apparent, yet Lactobaccillus and Saccharibacter are present in 90% of adults tested. In addition, both of these microbial groups are also core microbes found in their pollen provisions along with an undetermined genus of Lactobacillaceae, suggesting transmission between bee and pollen. Non-corbiculate bees appear to rely more on horizontal transmission from shared food and foraging surfaces with other bees (McFrederick et al. 2012 (McFrederick et al. , 2014 .
Here we identify four core bacteria in Apis foragers. Previous research has also identified additional taxa including Fischella perrara as core Apis microbes, however this is rarely found in foraging bees like those sampled here (Corby-Harris et al. 2014a; Kwong and Moran 2016) . Other microbes described previously as core honey bee microbes such as Bartonella and Bifidobacterium had a low relative abundance (both 0.4%) and so were excluded by our core identification method (which excluded taxa <1% abundance) despite a high prevalence. This is likely an artifact of including crop samples as 'adult bee' samples, since these had a low abundance of several microbes, resulting in an overall lower average abundance. The microbial communities found in corbicular pollen of Apis clearly differentiated from those in honey bee gut with the exception of some crop samples, as would be expected for hosts that obtain their microbiota from their kin instead of food.
Overall the majority of Ceratina bees and pollen provisions share a similar microbial composition. This is in contrast to Apis and Megalopta that have relatively distinct adult core microbiomes compared to their pollen. In Ceratina, this large overlap between adults and pollen is likely due to the practice of ingesting and regurgitating their pollen. Despite this, both pollen and Ceratina adults have some distinct core microbes, suggesting the bees are maintaining a bee-specific microbiota beyond the crop. Whilst some of the core bee bacteria such as Rosenbergiella, Lactobacillus, and Pseudomonas have been found to inhabit flower environments, it is not clear if all core bee microbes are acquired from flowers or via a different route (McFrederick and Rehan 2016; . Megalopta adults have a diverse range of microbial communities with only two core bacterial groups. The core microbial composition in Apis bees share similarities with that of Ceratina bees, yet despite clear community separation between adults and pollen, Apis adults share three core microbial groups (Lactobacillus, Snodgrassella and Gilliamella) with corbicular pollen. It should be noted, however, that we binned bacteria by genus, which does not allow us to differentiate between pollen-and bee-gut specialist species in the same genus, which are known to occur in honey bees (Corby-Harris et al. 2014b) .
Honey bees are believed to maintain their core microbiome via interactions within the social colony environment (Powell et al. 2014 ). In the absence of this environment, Ceratina seem to be able to maintain a core microbiome even when the core microbes are not pervasive in the (flower) environment. By determining 13 microbes that are frequently associated with adult Ceratina bees, seven of which do not associate with their pollen provisions, we have identified good candidates to explore their potential functional importance to the health of these wild bees. The further identification of one of these microbial groups (Lactobacillus) in Apis and Megalopta strongly suggests that this may be a key microbial taxon in a diverse range bee species. Lactobacillus comprises species that appear to be specialists to the honey bee and bumble bee gut (Martinson et al. 2011; Olofsson et al. 2014) as well as L. micheneri , which is found on both flowers and in association with a variety of wild bee species.
The microbiome of bees is likely to be critical to their health yet, for most wild bees, research of the honey bee microbiome can only provide limited insight (Engel et al. 2016) . The use of a more diverse range of bees in research of bee health is therefore required in order to better understand the health and risks faced by declining bee species. As we learn more about the effects of these bacteria on the health of wild bees, an understanding of the composition of a healthy, core microbiome will become crucial for leveraging microbes to improve bee Fig. 7 Clustering between microbial communities within Apis female guts (circles), Apis female crops (triangles) and their corbicular pollen (diamonds). Cluster 1 (green) and Cluster 2 (red) were determined via Calinski-Harabasz and generated using the Partitioning Around Mediod (PAM) method on Jensen-Shannon distance matrices; silhouette = 0.37. (Color figure online) health. For example, pollinator habitat restoration efforts may need to consider flower plantings that increase the presence of core bacteria that are found in flowers, adults, and pollen provisions, such as Lactobacillus and Saccharibacter. Future work is needed to determine the role of these core bacteria in restoration of healthy pollinator communities. 
